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We have described a direct, high-performance liquid chromatography-based method of estimation of the total level of plastoquinone (PQ) in
leaves, the redox state of total (photoactive and non-photoactive) PQ, as well as the redox state of the PQ-pool that is applicable to any
illumination conditions. This method was applied to Arabidopsis thaliana leaves but it can be applied to any other plant species. The obtained
results show that the level of total PQ was 25±3 molecules/1000 chlorophyll (Chl) molecules in relation to foliar total Chl content. The level of
the photoactive PQ, i.e., the PQ-pool, was about 31% of the total PQ present in Arabidopsis leaves that corresponds to about 8 PQ molecules/1000
Chl molecules. The reduction level of the non-photoactive PQ fraction, present outside thylakoids in chloroplasts, was estimated to account for
about 49%. The measurements of the redox state of the PQ-pool showed that the pool was reduced during the dark period in about 24%, and
during the light period (150 μmol/m2·s) the reduction of the PQ-pool increased to nearly 100%. The obtained results were discussed in terms of the
activity of chlororespiration pathways in Arabidopsis and the regulatory role of the redox state of PQ-pool in various physiological and molecular
processes in plants.
© 2006 Elsevier B.V. All rights reserved.Keywords: Plastoquinone; Arabidopsis; Redox state; Chlororespiration; Redox signalling; HPLC1. Introduction
The redox state of the plastoquinone-pool (PQ-pool) is
believed to play function of a major redox sensor in chloroplasts
that triggers and mediates many cellular responses to variable
environment, especially to changes in light quality and intensity.
It is believed that the redox state of the PQ-pool regulatesAbbreviations: PQ, plastoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-
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doi:10.1016/j.bbabio.2006.08.004phosphorylation of the light-harvesting complex II (LHCII) via
a cytochrome b6–f-dependent kinase [1–3], chloroplastic gene
expression of proteins of photosystem II and I complexes (PSII
and PSI) [4–8], expression of nuclear-encoded genes for
ascorbate peroxidase (APX1 and APX2) [9–12], superoxide
dismutase [13,14], carotenoid biosynthesis [15] and others [16].
In most of these experiments, the redox state of the PQ-pool was
differentially manipulated by the addition of photosynthetic
electron transport inhibitors: 3-(3,4-dichlorophenyl)-1,1-
dimethyl urea (DCMU) or 2,5-dibromo-3-methyl-6-isopropyl-
p-benzoquinone (DBMIB) or by treatment of plants with light
enriched in 700 or 680 nm wavelength [7,17]. Both of these
treatments antagonistically regulate oxidation and reduction of
the PQ-pool. However, under physiological conditions, PQ-
Fig. 1. Localization of plastoquinone in chloroplasts.
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the investigation of different physiological responses to the
native redox state of the PQ-pool, a method of the estimation of
its redox state is required that avoids the use of inhibitors and
can be applied to any illumination conditions. A sophisticated
voltammetric method of estimation of the redox state of
plastoquinone was described [18] that requires an additional
redox mediator (ubiquinone-1) but this method can be applied
only for isolated thylakoids where the PQ-pool redox state can
be significantly different from that in chloroplasts or whole
leaves due to interaction of the PQ-pool with different stroma
components (e.g., ascorbate, glutathione, NADPH) that can
activate additional electron transport pathways influencing the
redox state of the PQ-pool, like chlororespiration for example
[19,20].
The most frequently used method for the estimation of the
redox state of the PQ-pool is the measurement of the area over
the fluorescence induction curve (complementary area) in the
absence and presence of DCMU [21,22]. In the latter case, the
area is assumed to correspond to the state of totally reduced PQ-
pool. However, this method does not take into account the
influence of Mehler reaction on the redox state of the PQ-pool
and simultaneous linear electron transport through PSI [22,23],
as well as the cyclic electron transport. The other problem is that
the measured fluorescence reflects directly the redox state of the
primary electron acceptor of PSII, i.e., QA and not the redox state
of the PQ-pool [24,25]. It was already shown that there is no
direct proportionality between the redox state of QA and the PQ-
pool, the redox state QA increasing considerably slower than that
of the PQ-pool [26]. It was found in that study that QA would
reach 10% reduction when the PQ-pool is 50% reduced, 25%
reduction of QA with an 85% reduced PQ-pool, and 50%
reduction of QA when over 90% of PQ-pool is in the reduced
state. Moreover, in the measurements of the fluorescence
induction kinetics, a dark adaptation is required which makes
impossible the measurements of the redox state of the PQ-pool
directly on illuminated leaves. This indicates that the above
described method has application to limited physiological
conditions and is not monitoring directly the redox state of the
PQ-pool, which can lead to inadequate results and/or
interpretations.
In our recent report [27], we have applied a HPLC-based
method of determination of the redox state of PQ in Arabidopsis
leaves both for the wild-type and the chlorophyll a/b binding
protein harvesting-organelle specific (designated gene CAO)
mutant, named chaos, which has a reduced PSII antenna [28]. It
is known that apart from the PQ-pool, PQ occurs in other
chloroplast compartments like plastoglobuli and chloroplast
envelopes (Fig. 1) [29,30], but in contrast to PQ of the pool, the
redox state of PQ at these sites should be not influenced by short
light treatment. In order to estimate only the redox state of the
PQ-pool, we have determined it in separate experiments under
red-light and far-red light illumination, i.e. the conditions when
the PQ-pool is preferentially reduced and oxidized, respectively.
In the present study, we have improved our method by direct
determination of the reduced and oxidized PQ in a single high-
performance liquid chromatography (HPLC) run, optimized theextraction conditions to avoid PQ redox changes during extrac-
tion and used saturating white light illumination in the absence
and presence of DCMU to obtain totally reduced and oxidized
PQ-pool, respectively, instead of red and far-red light illumina-
tion which can be not completely sufficient to obtain fully
reduced and oxidized PQ-pool.
2. Materials and methods
2.1. Plant material and growing conditions
Arabidopsis thaliana (Columbia ecotype) plants were grown under
150 μmol/m2·s with the 10 h light/14 h dark periods. Four to 5 weeks-old plants
were used for the experiments. The dark redox state of PQwas measured 1–1.5 h
before the end of the ‘dark’ period and the ‘light’ PQ redox state −2.5–3 h after
the onset of the light period. Strong light experiments were performed with
500 W halogen lamp and the light was filtered through 0.5% CuSO4 solution to
avoid overheating of plants.
2.2. HPLC analysis of the oxidized and reduced PQ in leaves
Three leaves of a Arabidopsis were first homogenized for 30 s in 1 ml of
freezer-cold ethyl acetate in a refrigerator precooled mortar, then next 1 ml of
ethyl acetate was added and the homogenization was continued for the next 30 s.
Afterwards, 400 μl of the extract was transferred to an eppendorf tube and
immediately evaporated to dryness under stream of nitrogen. If the extract cannot
be immediately evaporated, it can be transiently stored by freezing in liquid
nitrogen. The evaporated extract was dissolved in 200 μl of the developing
solvent (methanol/hexane, 340/20), shortly (10 s) centrifuged on a benchtop
centrifuge and immediately analyzed by HPLC. The concentrations of oxidized
PQ and reduced PQ (PQH2) in the sample were determined from the area of the
corresponding peaks in the chromatograms and the area of the peaks of standard
PQ and PQH2 solutions (Fig. 2). The oxidized and reduced PQ standards were
obtained as described in [31] and their concentrations determined using
ε255=17.94 mM
−1 cm−1 for PQ and ε290=3.39 mM
−1 cm−1 for PQH2 both in
absolute ethanol [32].
In order to avoid possible changes of the redox state of the PQ-pool during the
time between the leaf abscission and its homogenization, the extraction
procedure was performed under the light conditions of a given experiment.
Since the freezer-cold ethyl acetate will absorb moisture from the air during its
use, to prevent the increase of water content in the cold solvent, it was stored over
a dehydrating agent (Alumina N, activity I, ICN).
The HPLC measurements were performed using Jasco pump and UV-VIS
detector, Shimadzu RF10 AXL fluorescence detector, Teknokroma (Barcelona,
Spain) C18 reverse-phase column (250×4 mm, 5 μm), isocratic solvent system
(methanol/hexane, 340/20, vol/vol), flow rate of 1.5ml/min, absorption detection
wavelength at 255 nm, fluorescence excitation/emission detection at 290/
330 nm, and injection volume of 100 μl.
Fig. 2. HPLC chromatogram of the extract from Arabidopsis leaves taken during
the dark period measured simultaneously using absorption detection at 255 nm
for PQ (B) and fluorescence detector (290 nm excitation, 330 nm emission) for
PQH2 (C). Corresponding chromatograms of PQ (A) and PQH2 (D) standards
are also shown. Separation conditions: C18 RP column, solvent system—
methanol/hexane 340/20 (v/v), flow rate—1.5 ml/min. Other conditions are
given in Materials and methods.
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The concentration of the total (oxidized and reduced) PQ in the extract was
calculated fromHPLC chromatograms as described above. For the determination
of chlorophyll concentration, 500 μl of the same ethyl acetate extract as that used
for the analysis of the PQ/PQH2 level was evaporated to dryness in a stream of
nitrogen, dissolved in 2 ml of 100% acetone and the chlorophyll concentration
was calculated spectrophotometrically according to [33].3. Results
3.1. Extraction method
In order to avoid nonspecific redox changes of both PQ forms
present in leaves during solvent extraction and sample
preparation, several control experiments were performed. First,
due to the presence of reducing components (ascorbate,
glutathione) in chloroplasts at high concentrations (∼30 mM),
reduction of PQ by these components during leaves homo-
genization could be possible. In control experiments we found
that when pure oxidized PQ (50 μM final concentration) was
dispersed in 30 mM ascorbate or glutathione in 50 mM HEPES
(pH 7.5), no PQ reduction was found as revealed by HPLC
measurements (data not shown). However, when PQwas shaken
(25 μM final concentration) for 5 min in the buffer/acetonemixture (1/9, vol/vol) with 30 mM ascorbate at the room
temperature, significant reduction of PQ was found. This effect
was not observed for 30 mM glutathione. Therefore, the use of
acetone, previously applied [27], for the extraction was not used
in the present studies.We tested various other solvents under this
respect (methanol, ethanol, acetonitrile, isopropanol, tetrahy-
drofuran, ethyl acetate) and only ethyl acetate turn out not to
cause any reduction of PQ, probably due to its highest
hydrophobicity among the investigated solvents.
The other undesired redox changes occurring during the
sample preparation could be oxidation of the reduced PQ. To
examine such a possibility, we prepared the ethyl acetate extract
(without prior bubbling with nitrogen of the solvent) according
to the described procedure in Materials and methods and
analyzed it by HPLC immediately after preparation and also
after different time of storage at room temperature. It was found
that after 15 min of storage of the extract at the room
temperature, no detectable oxidation of the PQH2 was observed
and only after 1.5 h oxidation of about 10% of PQH2 occurred
(data not shown). Independently, we have found no oxidation of
a standard PQH2 solution in ethyl acetate at the room
temperature during 15 min of the experiment. The above results
indicate that the described extraction procedure, especially
using freezer-cold ethyl acetate does not cause changes in the
redox state of PQ during sample preparation and the obtained
results from HPLC chromatograms reflect the native redox state
of PQ in leaves.
Another issue to be considered is the extraction efficiency of
both PQ forms and chlorophylls using the applied procedure.
The control experiments showed that the described procedure
gives over 96% yield of extraction of chlorophylls and
prenyllipids from Arabidopsis leaves (data not shown).
3.2. Determination of the total and photoactive PQ-pool
The analysis of the redox state of PQ in leaves does not gives
us information on the redox state of the photoactive PQ-pool, but
only about the average redox state of the total PQ, i.e. also of the
PQ which is not photoactive, including PQ of plastoglobuli
[29,30] and chloroplast envelope [30]. The photoactive PQ-pool
can be determined in separate experiments, where we apply
conditions of totally reduced and oxidized PQ-pool. The con-
ditions for complete reduction of the PQ-pool can be obtained by
short illumination of leaves with strong saturating white light. In
order to find saturating light intensity/exposure time, different
combinations of light intensity and illumination time were
applied. The results of such experiments are shown in Table 1
and indicate that the light intensity of 1000–2000 μmol/m2·s are
saturating for the used exposure time. The lower reduction level
of PQ at 3500 μmol/m2·s might be due to oxidation of the PQ-
pool by superoxide radicals generated at such a high light in-
tensity [27] and/or photoinhibition of photosystem II.
It was found [34,35] that the photoreducible PQ-pool in
chloroplasts is not homogenous in terms of the reduction
kinetics, about 50–70% of the pool is reduced with the half-time
of milliseconds and the remaining part with the half-time of
about one second. It was suggested that the ‘fast’ pool is the PQ-
Table 1
The PQ redox state in Arabidopsis leaves after different light and DCMU
treatment
Sample/treatment PQ/PQ total (%)
control 52±3
1000 μmol/m2·s×15 s 33±1
2000 μmol/m2·s×5 s 34±2
2000 μmol/m2·s×10 s 32±2
2000 μmol/m2·s×15 s 33±2
3500 μmol/m2·s×15 s 40±3
250 μmol/m2·s×30 s, 50 μM DCMU 65±1
500 μmol/m2·s×15 s, 50 μM DCMU 64±1
500 μmol/m2·s×30 s, 50 μM DCMU 64±1
1000 μmol/m2·s×15 s, 50 μM DCMU 66±2
PQ total=PQ+PQH2; N= 3–5±SE. Control sample was kept at 10–30 μmol/
m2·s before the indicated light treatment. Other conditions are given in
Materials and methods.
Table 2
The PQ/chlorophyll ratio and PQ redox state in Arabidopsis leaves under
different light conditions
Sample/treatment PQ total/1000 Chl
(mol/mol)
PQ/PQ
total (%)
Dark 26±3 59±2
Light 21±2 35±1
PQ-pool reduced (2000 μmol/m2·s×15 s) 24±1 35±2
PQ-pool oxidized (50 μM DCMU,
500 μmol/m2·s×15 s)
30±3 65±1
PQ-pool oxidized (50 μM DCMU+
200 μM SnPh3Cl, 500 μmol/m
2·s×15 s)
nd 66±1
PQ total=PQ+PQH2; nd, not determined. N= 3–5±SE. Other conditions are
given in Materials and methods.
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are located, while the ‘slow’ pool corresponds to PQ in the
stromal region [34,35]. In our case, similar extent of PQ
reduction using light intensity of 2000 μmol/m2·s for 5–15 s
duration (Table 1) indicates that the applied illumination time is
sufficient for the reduction of both the ‘fast’ and the ‘slow’ PQ-
pool.
In order to obtain total oxidation of the PQ-pool, the leaves
were infiltrated with 50 μM DCMU solution in water (prepared
from 50 mM stock solution in ethanol), left for 5 min under
weak, room light and illuminated with strong light of different
intensity and duration. Only spraying of leaves or leaving them
in DCMU solution was not efficient in obtaining oxidation of
the PQ-pool (data not shown). The obtained data show (Table 1)
that all the applied light intensities/exposure times gave similar
results and can be regarded as saturating for the total oxidation
of the PQ-pool. For further experiments, the following
conditions were applied: 2000 μmol/m2·s×15 s for total
reduction of the PQ-pool and 500 μmol/m2·s×15 s with
50 μM DCMU for total oxidation of the PQ-pool. In order to
avoid changes in the redox state of the PQ-pool between the
time of illumination and homogenization, the detached leaves
were illuminated directly in the cold mortar and immediately
homogenized after addition of ethyl acetate. It should be also
realized that there might be differences in the PQ-pool content
between leaves of different age within the same Arabidopsis
rosette, therefore leaves of similar size/age should be taken for
the determination of the photoactive PQ-pool and for any other
experiments.
The results presented in Table 2 show the total PQ redox
state in Arabidopsis leaves during dark and light periods, as
well as the PQ redox state for the conditions of fully reduced
and oxidized PQ-pool, together with the total PQ in relation to
chlorophyll. It can be seen that the total level of PQ is not
significantly influenced by the applied light conditions, as
expected, and varies between 20 and 30 PQ/1000 Chl molecules
(25±3 average). This value is lower as compared to the
literature data for other plants; for spinach leaves it was reported
to be 55–58 PQ/1000 Chl [20,36] or 40 PQ/P700 (Chl/
P700=400) [37] and for maple leaves it was found to be 61 PQ/1000 Chl [36]. However, it is known that PQ content varies with
the age of leaves and environmental conditions. Arabidopsis
plants used for our experiments were relatively young and
grown under low-light conditions. For high-light grown Ara-
bidopsis plants of similar age, the PQ content was found to be
55/1000 Chl [27].
3.3. Determination of the size and redox state of the
photoactive PQ-pool
The determined redox state of total PQ in Arabidopsis leaves
was 59% of oxidized PQ in the dark and only 35% in the light
(Table 2, Fig. 3A). Under the conditions of totally reduced PQ-
pool, PQ was reduced in 35% and under the conditions of totally
oxidized PQ-pool, PQ was oxidized in 65% (Table 2, Fig. 3A).
If the cyclic electron transport was operating, PQ-pool could be
additionally reduced in this pathway in the presence of DCMU.
Therefore, we also performed control measurements in the
presence of triphenyltin chloride which was shown to inhibit the
cyclic electron transport at the Qn site [38] but the extent of PQ-
pool oxidation was not significantly higher in this case. It was
recently shown that under the conditions applied (leaves
infiltrated in the presence of 50 μMDCMU), the cyclic electron
transport in Arabidopsis in not active [39]. The non-oxidized
PQ, under strong light (SL) in the presence of DCMU and
triphenyltin chloride (34%), will correspond to the level of the
reduced PQ that is not photoactive. The SL caused reduction of
65% of the total PQ, indicating that the remaining part (35%) is
an oxidized PQ that is not photoreducible. The above
considerations indicate that the photoactive PQ-pool amounts
to 31% (66 minus 35) of the total PQ content in Arabidopsis
leaves. This gives about 8 (0.31×25) photoactive PQ
molecules/1000 Chl molecules and it corresponds closely to
the values reported in the literature. In spinach, 8 photoactive
PQ molecules/1000 Chl were found by optical method [40], 14
PQ/1000 Chl using optical and fluorescence method [22] and
optical method only [20], 7 PQ [41] or 10–12 PQ [34] per
reaction center by optical methods, while for pea 21 PQ/1000
Chl were determined by mechanical fragmentation of isolated
thylakoids and HPLC analysis [42]. Based on the obtained data
(Fig. 3A) it can be calculated that the nonphotoactive PQ
fraction is present in Arabidopsis leaves at 51% in the oxidized
form and at 49% in the reduced state. The results obtained for
Fig. 3. The redox state of the total PQ (A) and of the PQ-pool (B) in leaves of
Arabidopsis under different light conditions. SL1-strong light (2000 μmol/
m2·s×15 s), SL2-strong light (500 μmol/m2·s×15 s), DCMU—50 μM,
SnPh3Cl—200 μM. N= 3–5±SE. Other details are in Materials and methods
and in the text.
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state of the PQ-pool only. The lowest level of the oxidized PQ in
SL-illuminated leaves (35%) corresponds to the totally reduced
PQ-pool, while the highest level of the reduced PQ in SL-
illuminated leaves, in the presence of DCMU and triphenyltin
chloride (66%), corresponds to fully oxidized PQ-pool. The
obtained redox state of the PQ-pool, calculated using the above
method, is shown in Fig. 3B and demonstrates that the PQ-pool
is reduced in about 24% in darkness and its reduction level
increases up to nearly 100% under ‘light’ conditions.
4. Discussion
It has been known for a long time that PQ function in
photosynthesis is to act as electron shuttle between PSII and thecytochrome b6–f complexes and hydrogen pump across the
thylakoid membrane [43]. Moreover, in recent years much
evidence has accumulated for the regulation of many physio-
logical and molecular processes by the redox state of the PQ-
pool [6,12,44]. The results presented in our work show that the
HPLC-based method can be successfully used for direct
determination of the redox state of total foliar PQ, the size of
the photoactive PQ-pool, as well as its redox state under different
light conditions.
The results on the redox state analysis of the PQ-pool
revealed that during the dark-period, PQ-pool is partially
reduced in Arabidopsis leaves. This is probably due to activity
of dark reduction pathways of the PQ-pool, which was already
observed in several species of the higher plants [19,45,46] and is
mainly attributed to chlororespiration, i.e. light-independent PQ-
pool reduction pathway(s) and oxygen-dependent PQ-pool
oxidation pathway(s) involving plastid terminal oxidases [47].
There is no direct evidence available in the literature for the non-
photochemical reduction of the PQ-pool in Arabidopsis, thus
our results strongly suggest that the chlororespiration pathways
are also active in this plant species. It is also interesting that
under low-light growing conditions, the PQ-pool is nearly
completely reduced. It means that the photosynthetic apparatus
of low-light growing plants shows specific adaptation to make
maximal use of the ‘natural’ highest light intensity that plants
face during their growth. However, if the PQ-pool is nearly
totally reduced at low-light growing conditions, is the oxygen
evolution rate saturated and any higher light intensity would be
not over-saturating? The light-intensity dependence of oxygen
evolution rate measured on whole leaves of low-light grown
Arabidopsis plants showed that at the growth light intensity
(150 μmol/m2·s) the oxygen evolution was about 50% of the
maximal rate saturating above 600 μmol/m2·s (data not shown).
To avoid inhibition of PSII activity due to complete reduction of
the PQ-pool, under increasing light intensities above the growth
light intensity, the rate of PQ-pool oxidation by PSI via
cytochrome b6–f complex must compensate for its reduction
rate by PSII. However, it is known that plastoquinol oxidation by
cytochrome b6–f complex is the rate limiting step of the linear
electron transport [48]. Probably, under high-light intensity, PQ-
pool oxidation by superoxide generated in PSI prevents over-
reduction of the PQ-pool [23,27].
It is generally accepted that an increased reduction level of the
PQ-pool is a signal for many photoprotective and acclimatory
responses of the photosynthetic apparatus and of the cell, like
LHC phosphorylation via a cytochrome b6–f-activated kinase in
the presence of reduced PQ, differential activation of gene
expression of proteins of both photosystems or increased
expression of genes encoding cytosolic ascorbate peroxidase,
an H2O2 scavenging enzyme [1–12]. However, activation of
many cellular responses by the reduced PQ-pool is difficult to
reconcile with the often found highly reduced PQ-pool level
under nonstress conditions. It was already shown that only one
reduced PQ molecule per cytochrome b6f complex is sufficient
to activate the LHCII kinase [49]. It means that under
physiological conditions the kinase would be activated, even
in darkness, as it was found in our experiments, due to dark
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undergo other redox sensitive systems dependent on the redox
state of the PQ-pool. Thus, there must exist another, redox sensor
in chloroplasts, possibly coupled to the PQ-pool redox state. It
has been observed that phosphorylation of LHCII by the
cytochrome b6f-dependent kinase in intact leaves, which is
activated by plastoquinol, saturates already at low-light intensity
(∼100 μmol/m2·s) and decreases at higher light intensities
[2,50], in contrast to in vitro system (isolated thylakoids). This
indicates that additional regulatory mechanisms of activation of
LHCII kinase must exist in vivo. It has been found that
ferredoxin–thioredoxin system might regulate the kinase
activity by the redox state of its thiol groups [2,51].
The presented method of measurements of the redox state of
the PQ-pool in Arabidopsis is the first method that can be
applied to whole leaves under any light conditions and can be
applied also to any other plant species.
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